A simple, gas-fed, radio-frequency-driven plasma source is described. By use of lower hybrid waves, noble gas plasmas were produced with electron densities up to 10 12 em -3 over a range of magnetic fields from 400 G to 1.5 kG and rf frequencies from 2-220 MHz.
I. INTRODUCTION
Radio-frequency driven plasma sources have been used for over 15 years. 1 -3 Generally, these sources couple the rf energy into the plasma formation via specific waves launched into low pressure gases or plasma from a coupler. Many of these sources rely upon wave coupling which require detailed tuning of the source to the desired plasma, such as choosing a source frequency which depends on the background magnetic field. The use of lower hybrid waves provides a radio-frequency plasma source, reasonably decoupled from the magnetic field, generating moderate plasma densities with low temperatures. 2 ,3 This article describes a lower hybrid wave plasma source which is simple to construct, and flexible in operation, It is easy to insert and remove from vacuum vessel, provide some desirable boundary conditions for plasma experiments, is relatively decoupled from B field consideration. and can be used with a wide variety of gases.
Previous lower hybrid plasma sources 2 ,3 have been successful. The source described here utilizes some of the benefits achieved with these sources while avoiding some of their complexities of design and operation. Earlier lower hybrid sources required substantial matching network electronics and differential vacuum pumping 2 or were operated in a single-ended "gun" type design, 3 Advances in rf amplifiers have obviated some of the matching network requirements. Differential pumping may not he desirable in all cases and the difficulty of doing so may be avoided here. The use of a "gun" type source produces a unidirectional plasma with a metallic boundary condition across the magnetic field at the source. Some experiments benefit from having plasma flow along magnetic field lines without encountering obstacles at the plasma source. A further requirement of source simplicity may demand that a source be removable easily and quickly from the experiment chamber, a characteristic of the source described here.
II. THEORY
The theory of lower hybrid rf plasma sources has been developed previously and compared with experiment. 2, 3 Some essential elements of this theory are repeated here.
Lower hybrid waves (LHW) arc free to propagate from the source into the plasma at angles oblique to the plasma confining magnetic field. When a plasma is present such that the density satisfies wpe> W, where wpe and ware the plasma and wave frequencies, respectively, then typically densities of order 10 6 _10 8 cm --3 are required to satisfy this condition for source frequencies in the tens of MHz. The wave and source near fields provide the ionizing electric field for background gas. Thus LHW propagate into the plasma while creating additional plasma, according to the dispersion relation
where kit is the component of k, the wavenumber, which is parallel to the confining magnetic field. For rf source frequencies below the geometric mean of the ion and electron gyrofrequencies, this process may continue until the plasma density rises sufficiently to make (1) where w pi is the ion plasma frequency and wee is the electron gyrofrequency. At a density high enough to satisfy Eq.
( 1 ), the rf field is prevented from propagating to higher densities.
Similarly, for waves with w above the mean gyrofrequency, the rf fields will propagate into the plasma until the density rises enough to violate
where Nil = kliC/w is the component of the normalized wavenumber parallel to the magnetic field. Hence, there are two possible density limitations and plasma may be created by the rf source until the limit of Eqs. (1) or (2) is encountered. It should be noted that there are relatively few restrictions on the source frequency used. There is also a general trend that higher wave frequencies have higher maximum attainable plasma densities.
Equations (1) and (2) are applied to specific examples in Fig. 1 . In Fig. 1 (a) a rf source frequency of 10 MHz is applied to argon gas and the resulting maximum density achievable is plotted versus confining magnetic field, For the range of magnetic field examined, only Eq. (2) applies and that prediction is plotted for three different values of N n excited by the rf source. In Fig. 1 must be applied to find the maximum aehievable densities for the range of magnetic field examined. As an example, at 10 MHz, maximum helium plasma densities in the mid lOll em' -3 can be achieved at 300 G, yet the same source could achieve only 1010 em -3 at 1 kG. On the other hand, at 50 MHz a density of 3 X 10 12 em --3 could be reached at 1 kG. Graphs similar to Fig. 1 can be generated for other gases from Eqs. (1) and (2).
In order to sustain a plasma, the ion creation rate must overcome ion loss mechanisms. In our experiment, ion dif-fusion across the confining magnetic field is believed to be the dominant loss mechanism. Earlier work" has established (3) as the diffusion coefficient due to density fluctuations driven by lower hybrid waves, An upper-limit confinement time Tp of about 0.4 ms is calculated for cross-field diffusion for this experiment and was found to agree with experiment. The ion creation rate per unit volume is njl,,(uv)iz where no and flo are the neutral and electron densities and «(Tv) iz is the ionization rate. The loss and creation rates can be equated when steady state is reached. A significant fraction of free electrons in the oscillating electric field will acquire enough energy to ionize neutrals through collisions. In a singly ionized plasma, a minimum neutral density of (4) is necessary for electron collisions with neutrals to sustain the plasma.
There are several avenues for energy loss available to the plasma. The most significant losses are through charge exchange and particle diffusion. The energy loss must be replaced by the rf source in order to maintain the plasma. The rf source must provide a power density
where till! and Ee'lll are the ion and electron thermal energies, Eiz the ionization energy, and (av)cx the charge exchange rate between ions and neutral atoms.
A balance between the fraction of input power channeled into heating the ions and the power lost through the ions determines the ion temperature, T i . Calculations based on collisional cross sections from BrownS show charge exchange may be the dominant ion energy loss mechanism and the loss rate increases with increasing T,. The mechanism for heating the ions is not understood at present. Measurements of Ti were presented in Ref. 2, which speculated that pump-driven low-frequency waves caused the ion heating.
III. APPARATUS
The rf plasma source consists of the rf coupler and the driving cireuit. The rf coupler is shown in Fig. 2 . It consists of a conducting electrode (such as copper) in the shape of a ring (although the shape need not be so restricted) which is fed by both the gas to be ionized and the rf signal. The ring may be oriented at any angle with respect to the background magnetic field. If the ring is oriented so that the magnetic flux through the ring is maximized, then the plasma formed at radii inside the ring will flow along field lines which do not intersect the rf coupler. Gas is injected into the chamber through a slot in the inside of the ring and, hence, directly into the rf excitation region. This aids in maintaining high neutral gas pressures at the source , ......
relative to the surrounding vacuum chamber and allows vacuum pumping considerations to be fairly sensitive to design considerations other than those of the rf source.
The input rf signal was fed to the ring through a vacuum-rated coax line which passes into the vacuum and terminated the center conductor on the ring coupler. It was found that solid coax line of length greater than 20 cm could be run directly into thc vacuum and still allow base pressures below 1 X 10-b Torr in the rf source test stand. If the solid coax and gas feed lines were introduced to the vacuum through Wilson seals, then the rf source could be translated without breaking vacuum.
The r1' may be fed to the source in either steady-state or pulsed mode of operation. The VSWR of the device depends upon the plasma density and hence varies during operation. The choice of amplifier is important for handling the necessarily variable VSWR. An Amplifier Research Model toOOL, capable of handling any VSWR. provided up to 4 kW pulsed power over 10 kHz-220 MHz for the experiment described here. Directional couplers provided the forward and reflected power data for the rf coupler.
The chamber in which the rf plasma source was tested had an approximately linear magnetic field variable from 0.4-1.5 kG. Base pressure of the chamber was < 1>< 10 ..
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T before introduction of the neutral gas. Movable Langmuir probes were used to diagnose the plasma.
IV. EXPERIMENTAL RESULTS
Figure 1(b) may be used to determine the magnetic field and source frequency for producing helium plasmas. For example, selecting a magnetic field of 0.5 kG, theoretically the plasma produced cannot exceed ~ 1010 cm -3 for frequencies below 10 MHz. Figure 3 shows the helium plasma density produced by constant forward rf power .. delivered to the coupler versus rf frequency. For frequencies below 10 MHz, the maximum density achieved was 8 >< 10 9 cm -3. As the wave frequency was raised to 20 MHz, the plasma density rose by more than a factor of 2 and continued to rise as the frequency was increased further. For fixed wave frequency, the density versus magnetic field was examined previously in Ref. 3 and was found to be consistent with the above predictions of Egs.
(1) and (2).
Reference (2) calculates that the electron temperature in such a rf generated plasma will be a function only of the gas pressure and the ratio of T/T i . As shown in Ref. 2,this leads to a strong inverse dependence of electron temperature versus gas pressure and a pressure beiow which no equilibrium is possible. This threshold pressure drops with increasing gas atomic weight, approximately. From Ref. 2 helium plasma has a calculated threshold pressure of about 3>< 10 -4 Torr. With the present rf plasma source it was found that no plasma could be created at pressures below 1.5 X 10 -3 Torr, read at a gauge 50 cm from the source.
The plasma density profile across the magnetic field is determined partially by geometry of the rf coupler. With a coupler of circular cross section with inner diameter of approximately 5 em, the radial density profile was measured and is displayed in Fig. 4 . Generally, the density was reasonably flat or peaked near the center. When the gas pressure is raised significantly hollow profiles may be produced. mum achievable density predicted in Fig. 1 (a) for Nil = 10.
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The helium plasma density is consistent with the predictions in Fig. i (b) . The rf power provided more than satisfies the power balance of Eq. (5). With a particle loss rate of 0.4 ms and the densities of Fig. 5 a significant fraction of the forward input power must go into reflected power, ion and electron heating, and other waves in the vacuum vessel.
V. DISCUSSION
A simple rf plasma source that utilizes lower hybrid waves has been developed. It does not require differential pumping or a rf matching network. The rf coupler consists of a single conducting loop coaxial with the plasma. It operates over a wide range of frequencies and magnetic fields. Maximum achievable density is consistent with theoretical predictions. Plasma densities up to Wi2 cm -3 have been created with argon and helium.
